and Kunze, 1994; Choi and Lovinger, 1996), it is unlikely that such pleiotropic signaling results from overexpression-induced promiscuous coupling. As a consequence of this coupling diversity, group I mGluRs mediate a wide variety of physiological responses. and, hence, neuronal excitability.
In this study, we examined the ability of RGS2 to to mGluRs, the parathyroid gland Ca 2ϩ -sensing receptor modify signaling between group I mGluRs (in particular, (Brown et al., 1993) , GABA B receptors (Kaupmann et mGluR1a) and neuronal ion channels. Our rationale for al., 1997), and putative pheromone receptors from the undertaking these experiments was twofold. First, as vomeronasal organ (Herrada and Dulac, 1997; Matsuopposed to G i/o -and G s -mediated pathways, which can nami and Block, 1997). At present, eight separate mGluR be probed using bacterial toxins (i.e., pertussis and cholgenes (denoted mGluR1-8) have been identified along era toxin, respectively), few "tools" exist for elucidating with splice variants for several of the gene products.
signaling pathways mediated by the G q/11 family. Thus, The mGluRs are categorized into three groups (I-III) we wished to determine whether heterologous expresbased on sequence homology, pharmacology, and sigsion of RGS2 provides insight into G q/11 -mediated signalnaling pathways (Nakanishi, 1994 ; Pin and Duvoisin, ing pathways in cellular systems as well as in vitro 1995; Conn and Pin, 1997).
assays (Heximer et al., 1997) . Based upon our current In regard to signal transduction mechanisms, group understanding of RGS action, it was postulated that II (mGluR2 and 3) and group III (mGluR4, 6, 7, and 8) RGS2 would interact specifically with the G␣ q/11 -GTP mGluRs are similar and couple to effectors (e.g., adelimb of the signaling system, thus leaving the G␤␥ "renylyl cyclase and Ca 2ϩ channels) via pertussis toxin leased" following heterotrimer dissociation unhindered. To this end, we have heterologously expressed group and 1D) either I Ca (which arises primarily from N-type Ca 2ϩ channels) or I M amplitude (Ikeda et al., 1995) , indi-I mGluRs in rat sympathetic neurons and studied M-type K ϩ and N-type Ca 2ϩ channel modulation following glutacating that functional mGluRs are not natively expressed in these cells. This null background facilitated careful mate application. As shown previously (Ikeda et al., 1995) , this highly malleable experimental system allows unamstudy of the coupling of defined mGluR subtypes to ion channels. Figure 1A illustrates representative current biguous assignment of cellular actions to a molecularly defined mGluR subtype. Here, we show that coexprestraces from an SCG neuron injected previously (12-18 hr) with mGluR1a cDNA. Ca 2ϩ channel currents were sion of RGS2 modifies mGluR1a-mediated ion channel modulation, and we discuss cellular and physiological evoked using a voltage protocol (Elmslie et al., 1990) in which an initial test pulse to ϩ10 mV ("pre") was followed implications of these actions.
by a depolarizing conditioning pulse to ϩ80 mV and a subsequent test pulse to ϩ10 mV ("post"). Prior to Results application of agonist ( Figure 1A , "con"), the prepulse and postpulse current amplitudes were similar. As illusGroup I mGluRs Inhibit Calcium and M-Type trated, there was usually a small facilitation (defined Potassium Channels as the ratio of postpulse to prepulse amplitude) in the Activation of group I mGluRs, as determined by applicaabsence of agonist indicative of tonic G protein activation of mGluR subtype-specific agonists (e.g., quisquation (Ikeda, 1991) . Following application of glutamate, late), produces inhibition of high-voltage activated Ca 2ϩ the prepulse current amplitude was greatly reduced and channels in both central (Lester and Jahr, 1990; Swartz the activation phase displayed a markedly slowed comand Bean, 1992; Choi and Lovinger, 1996) and peripheral ponent ( Figure 1A , "pre/glu"). In contrast, the postpulse neurons (Hay and Kunze, 1994) . In addition, inhibition current in the presence of glutamate ( Figure 1A , "post/ of M-type K ϩ channels mediated by group I mGluRs has glu") was much greater than the prepulse current and been observed in central neurons (Charpak et Figure 1D . I M density was pendent (VI) inhibition would have a slope of 1 (dashed line in Figure 2C ), while a slope of Ͻ1 indicates a VD similar in uninjected cells (3.6 Ϯ 0.5 pA/pF; n ϭ 6) and cells expressing group I mGluRs (range 2.6-4.5 pA/pF; inhibition. The "magnitude" of voltage dependence would be inversely proportional to the slope value. Plotn ϭ 5-7 for each group). As the group I mGluRs produced ting postpulse versus prepulse inhibition for I Ca recorded qualitatively similar effects in regard to ion channel modduring application of NE (10 M) and during the subseulation, mGluR1a was used in all subsequent experiquent recovery phase produced a curve that extends ments. from maximal to very small inhibitions ( Figure (Jeong and Ikeda, 1998) pathways remain intact followMean NE inhibition was reduced from 48% Ϯ 3% ing NEM treatment, whereas G␣ i/o -mediated pathways (mean Ϯ SEM, n ϭ 18) in control to 8.5% Ϯ 1% (n ϭ are attenuated. In mGluR1a-expressing SCG neurons, 26) in PTX-treated neurons, thus establishing the effecacute application of NEM (50 M, applied for 2 min) tiveness of PTX treatment. Usually, in PTX-treated neuproduced results similar to those resulting from overrons, the first current obtained following glutamate apnight PTX treatment. That is, NEM treatment attenuated, plication (ca. 10 s) displayed modestly more relief of but did not eliminate, I Ca inhibition by glutamate (data inhibition following the conditioning pulse than subsenot shown). Moreover, the remaining inhibition was quent currents ( Figure 3B ). Within 30 s-40 s, however, largely VI (slope of 0.89 Ϯ 0.18, n ϭ 6 cells). NE-mediated prepulse and postpulse current amplitude usually con-I Ca inhibition was markedly reduced from 54% Ϯ 8% to verged. When plotted as postpulse versus prepulse inhi-16% Ϯ 5% (n ϭ 6) following NEM treatment. These data bition ( Figure 3C ), the slope obtained under control consuggest that mGluR1a couples concurrently to PTXditions (0.6 Ϯ 0.06; data from 26 cells) for mGluR1a-sensitive and -resistant pathways to produce Ca 2ϩ chanmediated inhibition was significantly different from the nel inhibition-that is, PTX treatment did not induce the slope obtained following PTX treatment (0.83 Ϯ 0.06; latter pathway. data from 20 cells). In Figure 3D , mean steady-state Finally, the participation of G␣ s in mediating the PTXprepulse and postpulse inhibition for control and PTXresistant pathways was examined. SCG neurons intreated neurons is compared. Taken together, these jected with mGluR1a cDNA were treated overnight with data suggest that mGluR1a-mediated Ca 2ϩ channel inhiboth PTX (0.5 g ml Ϫ1 ) and cholera toxin (CTX; 0.5 g bition occurs via at least two discrete signaling pathml Ϫ1 ). We have previously shown that CTX treatment ways. One pathway utilizes a PTX-sensitive G protein (i.e., G i/o ) to produce VD inhibition. A second pathway is greatly attenuates VD inhibition of I Ca in SCG neurons sion of neither transducin nor MAS-GRK3-ct altered I M Although different G␣ subunits have been used in this modulation by glutamate in mGluR1a-expressing neuregard (Slepak et al., 1995; Ikeda, 1996) , G␣ t may be rons (see Figure 1C) . Application of glutamate produced advantageous for this purpose since interactions with mean I M inhibition of 76% Ϯ 4% (n ϭ 17), 69% Ϯ 3% neurotransmitter receptors should be minimal. Repre-(n ϭ 5), and 78% Ϯ 3% (n ϭ 3) in neurons expressing sentative I Ca traces from neurons injected with both mGluR1a, mGluR1a plus transducin, and mGluR1a plus transducin and mGluR1a (left) cDNA or mGluR1a cDNA MAS-GRK2-ct, respectively. alone (middle) are illustrated in Figure 4A . Application These data, taken together with the PTX pretreatment of glutamate to the transducin-expressing neuron reresults, support the notion that the VD component of sulted in a VI inhibition as indicated by the lack of kinetic mGluR1a-mediated I Ca inhibition results from G␤␥ reslowing in the prepulse current and comparable inhibileased from a PTX-sensitive G␣ following receptor actition in the postpulse current. In fact, the postpulse inhibivation. Moreover, the VI component of Ca 2ϩ current inhibition and the inhibition of M-type K ϩ channels were tion was greater than the prepulse inhibition (i.e., the Ϫ -treated G␣ q but not G␣ o unlike RGS4, which of G␣ 12/13 by mGluR1a; however, there are no precedents interacted with both G␣ subtypes. Moreover, in meafor such coupling that we are aware of. Finally, the ability surements of GAP activity, RGS2 specificity for G␣ q verof RGS2 to attenuate I M modulation is also consistent sus G␣ i/o was verified (Heximer et al., 1997; Ingi et al., with the idea that RGS2 interferes with G␣ q/11 -GTP (Del-1998). However, in assays employing either reconstitumas et al., 1998). Taken together, these data suggest ted phospholipid vesicles or COS cells, RGS2 failed to that both limbs of the G␣ q pathway result in ion channel discriminate between G␣ q versus G␣ i/o (Ingi et al., 1998 Thus, the in situ specificity of RGS2 in neurons remains and M-type K ϩ channel inhibition. The G␤␥ limb proto be determined. duces VD Ca 2ϩ channel modulation; however, this effect Expression of RGS2 in mGluR1a-expressing SCG was apparent only after the actions of G␣ q -GTP were neurons had two prominent effects. First, in PTX-treated inhibited. neurons, the usual VI inhibition of Ca 2ϩ channels resulting from glutamate application was converted to a more VD effect ( Figure 5) . Second, the inhibition of
RGS2 Actions

Functional Implications
In this study, we demonstrated that an intracellular pro-M-type K ϩ channels by glutamate was nearly abolished. The "conversion" from VI to a VD inhibition (in PTXtein, RGS2, can influence, at least functionally, the activation of different G protein pathways by mGluR1a. In treated cells) by RGS2 overexpression is a novel finding and may provide insight into the mechanism underlying the absence of heterologously expressed RGS2, mGluR1a produced ion channel modulation resulting from the this form of N-type Ca 2ϩ channel inhibition. One can rationalize that following mGluR1a activation RGS2 neuconcurrent activation of two discrete G protein families. Expression of RGS2 blunted the G␣ q/11 pathway thereby tralizes the G␣ q -GTP limb of the bifurcating pathway thereby allowing the G␤␥ limb to produce VD inhibition.
shunting the effects of mGluR1a activation toward the more "inhibitory" G i/o pathway. Complementary results Given this model (Figure 7) 
